Summary. The amino acid (AA) contents of the coat proteins of 134 plant viruses and strains were classified by principal components analysis. The virus groupings that were obtained correlated well with the classification of Mutthews. The relationships of each virus were dependent on the number of AA residues (axis 1) and on the percentage composition of each AA in the proteins (axes 2-4). The classification indicated which data were anomalous and needed confirmation. There seemed to be more anomalies in estimates of protein size than of protein composition. [l] attempted, without success, to determine if there was a relationship between the amino acid composition (AAC) of the coat proteins (CPs) of the particles of plant viruses and the shapes of those particles. Tremaine aizdArgyle [2] , using an agglomerative method of sorting strategy and the Euclidean distance metric, could not correlate the AAC of the CPs of plant viruses with groupings based on other classifications attempt to classify 66 plant viruses by using the nonmetric coefficient of Lance and Williams [7] and the principal coordinates method [8]. The analysis distinguished only tobamoviruses and tymoviruses. Nevertheless, a hierarchical agglomerative classification of those viruses not separated by the ordination, using a nonmetric coefficient and flexible sorting [9], showed a general clustering of viruses belonging to the same group, e.g., bromoviruses and sobemoviruses.
Received: April 18,1984 I I Revised: April 9,1985 attempt to classify 66 plant viruses by using the nonmetric coefficient of Lance and Williams [7] and the principal coordinates method [8] . The analysis distinguished only tobamoviruses and tymoviruses. Nevertheless, a hierarchical agglomerative classification of those viruses not separated by the ordination, using a nonmetric coefficient and flexible sorting [9] , showed a general clustering of viruses belonging to the same group, e.g., bromoviruses and sobemoviruses.
Similarly, Gibbs and Harrison [lo] studied tobamoviruses and found a close correlation between a classification based on the AAC of the CPs and the groupings proposed by Tsugita [ll] and Van Regenmortel [12] . They also demonstrated a close correlation (0.832) be-
Fauquet/Dejardin/Thouvenel tween a computer classification based on the amino acid (AA) sequences of the CPs of 6 tobamoviruses and one based on their AAC. Gibbs [13] and Paul et al. [14] showed that for tobamoviruies there is a linear correlation (0.833) between similarities based on the AAC of the CPs and those based on serological relationships. Consequently, for tobamoviruses it seems clear that groupings based on biochemical criteria are correlated with serological relationships ; such groupings are related to those based on sequences of the AAS of these CPs. By contrast, in a study of the tymoviruses, Paul et al. [14] concluded that, although there is a general similarity between the classification based on the AAC of the CPs and that obtained from serological relationships, the coefficient of correlation (0.369) is poor. Moghal and Franckì [15] , working with potyviruses, concluded that: 'the AAC of antigenically closely related viruses were very similar, but similarities of those distantly related were no greater than those of the apparently unrelated viruses'. We have reexamined the potential uses of these methods, using new data on the AAC of the CPs and improved methods of statistical analysis. Several classification methods were tested, and the results obtained by the method that gave the best correlation with classifications obtained by other methods using different data are presented here. Our aim was to compare all known data on the AAC of the CPs to discover how well the classification obtained correlated with that of Matthews[l6] , whichis now widely used.
Materials and Methods
We collecfled all published data on the AAC, as well as some new AACs obtained for viruses isolated in the Ivory Coast [17] . If the amount of a particular AA was unknown (e.g., cys or trp), we replaced it either by the average amount in the CPs of the other strains of the same virus or by the average amount in the CPs of the other viruses belonging to the same group. When it was not possible to estimate values in this way, it was assumed that one residue of the AA was present. The AAC data used, expressed in numbers of AA residues per molecule and grouped according to the usual accepted classification, are given in table I.
The classification method used was a principal components analysis by the ANCOMP program from the ADDAD library.' The estimated numbers of AA residues in each protein were the quantitative variables, and the principal components analysis was done with a Euclidean metric of the data after standardizing them to zero mean and unit variance, i.e., the Eigenstructur was searched in the correlation matrix [NI.
The objective of a principal components analysis is to find a small number of linearly independent combinations (principal' components) that keep the maximum information of the original variables. The results can be expressed graphically by representing the cluster of individuals as 3-dimensional diagrams that have a minimum of anomalies. The total variation is expressed by a few components without any great loss of information: the first principal component is that which accounts for most of the information (variability) and corresponds to the longest axis of the total cluster of individuals; the secomd component is orthogonal to it (uncorrelated) and takes a maximum of the residual variability; etc.
Results
The first four axes obtained with the principal components analysis accounted, respectively, for 39.6,14.8,7.6 and 6 .1% of the total information available in the AAC of the CPs of the viruses. In other words, axes 1, 2 ' ADDAD (Association pour le Développement et la Diffusion de l'Analyse des Données) library is available at the CIRCE (Centre Interrégional de Calcul Electronique), CNRS-Orsay (Centre National de la Recherche Scientifique).
, Plant Virus Classification 3 and 3 ( fig. 1 ) account for 62% of the variability and result in clusters that correlate well with the currently accepted groups; only the bromoviruses seem to be intermingled with the potexviruses. Axis 1 correlates with 12 of the 18 AAS, and the relative contribution of any one AA does not exceed 10% (table II) .
This axis mostly represents the molecular weights (MWs) of the CPs, which range from 17,500 (17.5K) for tobamoviruses to 4% for tombusviruses. Axes 2, 3 and 4 correlate to particular AAS. For example, axis 3 is statistically correlated only to tryptophan (trp) content, which represents 42% of the variability in this dimension (table 11) . Axes 2, 3 and 4 ( fig. 2 ) represent only 28.5% of the total information, but clearly differentiate the viruses into groups, although they are less well separated. Whether considering figure l or 2, most of the virus groups are clearly separated from one aaother; however, the potexviruses are very close to the bromoviruses, comoviruses, and nepoviruses.
Viruses with Rod-Shaped Particles
The tobamoviruses (23 data sets) were all situated in a restricted part of the ordination and showed great homogeneity. The exception was CCV (No. 052), a tentative member of the tobamovirus group [13] .
Tobraviruses (1 data figure 2 (which does not take into account the MW factor) they would integrate well into the potyvirus cluster. This suggests that the main error may be in MW rather than in percentage AAC. The potyvirus group was always strictly differentiated from other viruses. ( fig. 1, 2 ) and filled a volume of %th of the ordination. Closteroviruses were represented only by 3 analyses; nevertheless, thky were similar and were separated from the otherviruses.
When only the filamentous viruses are considered, they separate into subclusters that do not overlap.
Viruses with Isometric Particles
The bromoviruses were represented only by 3 viruses, but the results were closely similar and the cluster was compact. Only data sets 001,019, and 020 were always related, and hence probably indicate the position of the group. Data set 216 is remote from the others, and No. O21 is probably not a sobemovirus, insofar as the AAC of the CPs is concerned, which seems to be correct [21] .
Four of the five tombusviruses are situated within one subcluster and clearly indicate the position of the group. The tombusvirus group is the most distant from the center of the ordination. The cluster is determined by factors other than the MW of their particle protein, because it is also quite distinct in figure 2 . In fact, the tombusvirus group is represented by one definitive member, tomato bushy stunt virus (No. OB), and by 4 tentative members (No. 014, 017, 030, and 203) [25, 261. Three of those tentative members (No. 014, 017, and 203) reveal apparent affinities with tomato bushy stunt virus, providing a supplementary element for their classification in the tombusvirus group.
The tymovirus group (17 viruses) is the best represented group of viruses with isometric particles and shows the greatest homogeneity along each axis. It is well separated from the other groups, and its body forms a reference mark for the others. It is noteworthy that erysimum latent virus, which is a tentative member of the group, is contained in the tymovirus cluster.
Only 2 nepoviruses represented this group: tomato ringspot virus (No. 027) and tobacco ringspot virus (No. 029). These were always associated and placed near the center of the ordination. The MW of their CPs had been determined to be 53-60K 127, 281 and was then revised to 13-19K [29] . We used the AAC corresponding to about 20K; consequently, if the value of 53-60K is verified, the position of this group will have to be revised.
Other groups were represented by only 1 or 2 individuals, and consequently their posi- (No. 200 and 201) . Most of these groups are found near the center of the ordination, as is the satellite virus of tobacco necrosis virus (4 data sets; No. 023, 025, 185, and 186) . Three of these data sets are clustered (No. 025, 185, and 186) .
When spherical viruses only are considered, they are spread through a large proportion of the ordination, and some of them, e.g., tombusviruses and tymoviruses, occupy relatively large volumes in the diagrams.
Virtues with Bacilliform Particles There were 3 data sets for alfalfa mosaic virus (177) (178) (179) No. 178 and 179 were assessed to have 172 and 177 AAS, respectively. The primary structure of the coat protein [30] has been shown to have 217 AAS, and consequently we must imagine a migration of the group (No. 178, 179) in the positive direction of axis 1 to get the correct position of this virus in figure 1 .
Discussion
The analysis of principal components used in this work is a reliable method for representing the relationships of individuals and clusters of individuals, when there is no evidence to indicate that they are phylogenetically related, for which a more realistic classification is a hierarchical one. This method enables a multivariate analysis to be represented in multidimensional space, thus giving a precise picture of the relationships of the viruses [2, 6] .
The hyperspace filled by plant viruses in an ordination of all proteins represents only 5 x lo4 of the total hyperspace [2] . The CPs of plant viruses therefore constitute a very dense subcluster of all known proteins. This cluster is not organized at random, and the most important conclusion of our study is that subclusters within it correlate well with currently accepted virus groups 1161 that are formed on biochemical, structural, biological, and serological criteria. Thus, the product of one gene of each of these viruses provides classificatory information which is closely similar to that provided by all genes of the viruses.
It is noteworthy that, despite the great range of sources of information and of analyses used, in our study, the classification obtained is close to the currently accepted classification [16] . There are some exceptions, and it is not known whether these are real or a result of experimental error. Our study showed that axis 1 correlates most closely with the MW of the CPs and consequently must be determined precisely. Nevertheless, the MW is not the sole discriminatory element ; figure 2, which represents 28.5% of the information and excludes the MW axis, provides the same clustering pattern. Obviously, more data sets of the AAC of these and additional viruses would bring a greater precision to the ordination and would increase the density of the clusters.
Only 28.5% of the total information included in the AACs is needed to provide a meaningful classification, and there is a similarity of CPs of plant viruses within the protein hyperspace. These apparent similarities may reflect a common origin in evolution, with only small, but real, differences. Our classification does not correlate only with the shape of virus particles; within one part of the diagram, viruses can be found whose particles are filamentous, rod-shaped, or isometric. Serologically related viruses are grouped in clusters, but the distances between the clusters do not reflect distances in serological relationship. The AAC of the CPs of plant viruses seems to contain information derived from several sources that may be diverse and may interfere with the AAC of
the CPs. Nevertheless, there is a basic similarity of all plant virus CPs; this is presumably because the CPs protect the nucleic acid genomes and form large soluble macromolecules. Plant virus CPs also have a structure that is related to biological factors (e.g., transmission mode), and they have a specific basis reflected and measured by serological relationships [31] . The principal components method of classification, like hierarchical methods, shows close relationships clearly. Unlike the latter, it also gives a measure of the relationship between subclusters. Therefore, as the close groupings within our classification correlate well with currently accepted groupings of viruses, it is worth examining the correspondence between the higher-order relationships (inter-cluster) shown by our classification and the recently discovered 'intergroup' or 'inter-genus' relationships indicated by nucleotide sequence analysis. Distant relationships of this sort have been found between viruses with RNA and DNA genomes [32] , between plant and animal viruses [33] , among those with rod-shaped, isometric or bacilliform particles, and between those whose particles have a lipid envelope and those that do not [34] .
Such sequence homologies indicate, for example, that at least some of the genes of alfalfa mosaic virus, brome mosaic bromovirus, cucumber mosaic cucumovirus, tobacco streak ilarvirus and Sindbis alphavirus have homologous sequences [34-371 and hence probably have a common ancestor. Thus, it is of interest that all these viruses (except Sindbis alphavirus, which was not included in the classification) are close to one another in the central region of the ordination ( fig. 2) . A similar distant relationship has been found among cowpea mosaic comovirus and polioand encephalomyocarditis picornaviruses [33] ; each of these viruses has a divided RNA genome and a 5'-linked protein (VPg) [38-401. Other viruses of this type are the nepoviruses [41] and pea enation mosaicvirus [42] . It is noteworthy that the single comovirus and nepovirus in our classification group close to pea enation mosaic virus ( fig. 2) . However, other viruses that have a 5'-linked VPg but an undivided genome, e.g., potyviruses [43] , sobemoviruses [44] , and luteoviruses [45] , are widely dispersed in our classification. Thus at least some of the relationships between subclusters that are illustrated in figures 1 and 2 may correlate with more distant, possibly more ancient, relationships between the currently accepted groups.
